Introduction {#s1}
============

Radiation methods such as x-rays and charged particles are used in the treatment of patients with thoracic malignancies depending on the location, extent and pathologic diagnosis of the disease [@pone.0045960-Okada1], [@pone.0045960-Grutters1]. Radiation therapy is one of the most important therapeutic modalities for thoracic malignancies. However, radiation-induced pulmonary injuries such as radiation pneumonitis and fibrosis are major dose-limiting factors when irradiating the thorax [@pone.0045960-Toma1], [@pone.0045960-Ding1]. Radiation pneumonitis usually occurs a few weeks, and radiation fibrosis occurs a few months after the completion of radiation therapy. Micro-computed tomography (Micro-CT) offers a non-invasive method for detecting and assessing radiation-induced lung injuries in thoracic radiotherapy patients.

Micro-CT refers to computed tomography conducted on a microscopic level and comparable to that achievable on a clinical CT system in human subjects [@pone.0045960-Paulus1]. It is currently widely used to evaluate bone specimens noninvasively [@pone.0045960-Yamashita1] and it has also been applied to static vascular and lung imaging [@pone.0045960-Jorgensen1], [@pone.0045960-Nakaya1]. *In-vivo* lung tumor studies using micro-CT have produced images in which lung nodules are detectable [@pone.0045960-Kennel1], and it is a novel tool for monitoring acute and chronic lung disease states in small animals [@pone.0045960-Shofer1], [@pone.0045960-Jackson1], [@pone.0045960-Artaechevarria1]. Past research shows that the high-dose single radiation-induced lung injuries can be observed using micro-CT images a few months following irradiation [@pone.0045960-Jackson1], [@pone.0045960-Jackson2]. However, there are no studies which assess the early lung tissue response to high-dose single radiation exposure using micro-CT. Here we examined the potential of *in-vivo* micro-CT as a non-invasive tool to assess the progression of lung injury by radiation exposure in the first four days following x-ray irradiation.

The goal of the present study was to evaluate whether micro-CT could be used to detect and quantify early phase radiation-induced lung injury (one and four days after x-ray exposure), by comparing micro-CT results to parallel changes in lung histology. Coronal cross sections of mouse lungs, corresponding to micro-CT images, were stained with haematoxylin and eosin (H&E) and histological changes were compared to Hounsfield Unit (HU) assessments of three-dimensional micro-CT images. We show that micro-CT can be used for the detection and quantitative analysis of early structural and histopathological changes associated with radiation-induced lung injury in mice.

Materials and Methods {#s2}
=====================

Animal Preparation {#s2a}
------------------

The Animal Welfare Committee of Osaka University approved this study. The mice used in this study, 8-week-old C57BL/6 males (n = 21, 23.2±1.5 g, Japan SLC, Hamamatsu, Japan) were allowed to rest for one week before the experiment. The animals had free access to food and water, and they were kept under standard laboratory conditions (a room temperature of 22--23°C, approximately 50% humidity, and a 12 h light/dark cycle). Twenty-one mice were divided into three groups: no-radiation controls (Control mice, n = 7), and two x-ray exposure groups, assessed one day (X1 mice; n = 7) or four days (X4 mice; n = 7) following exposure. The x-ray exposed groups received a single whole-lung x-ray consisting of a 20 Gy dose of radiation, previously shown to produce serious lung injury [@pone.0045960-Abdollahi1]. The x-rays were delivered at a dose rate of 0.88 Gy/min (120 kV, 15 mA with 1 mm thick aluminum filter, Rigaku Radioflex 350 X-ray generator), to a 2 cm×2 cm field and irradiated whole lung of each mouse. The rest of the body was shielded by 0.5 cm thick Pb. The radiation-exposed groups were kept under regular light/dark cycles until the micro-CT experiments were performed, either one or four days following x-ray exposure.

Micro-CT {#s2b}
--------

Computed tomography images were acquired using three-dimensional micro-CT (RmCT; Rigaku Co., Tokyo, Japan) with a resolution of 117×117×117 µm^3^, a tube voltage of 90 kV, and a tube current of 160 µA. Exposure time was 34 s and images were retrospectively gated at expiration breathing phase. During the CT scan, the mice were held in place by surgical tape and anesthetized through a facemask with 2% isoflurane. Tomographic images were obtained using 3D imaging software (i-VIEW; Morita Co., Tokyo, Japan). Three-dimensional reconstruction was performed using 512 of these images, processed by the volume rendering method, and HU (estimates of tissue density) were calculated and used to construct histograms of the lung. Areas of high density (between −200 to −500 HU) in three-dimensional Micro-CT slices were shown in green, and areas of low density (below −500 HU) were shown in blue. Two HU parameters, the peak HU of −200 to −800 HU (*Peak~HU~*) and the number of pixels at −1000 HU (*Number~-1000~*; air or empty space), were used to assess radiation-induced lung damage and differences among the three groups. The mice lung volumes were manually measured by the use of 3D micro-CT images using ImageJ software (Ver.1.40 g, National Institutes of Health, Bethesda, Maryland, USA).

Histology {#s2c}
---------

After CT scanning, all mice were sacrificed for histology, to determine the source of HU alterations in the lungs. Mice were euthanized by an overdose of pentobarbital (Dainippon Sumitomo Pharma Co., Ltd., Japan) and were prepared for histology by trans-cardiac perfusion with saline containing heparin followed by 7.5% paraformaldehyde. Extracted lungs were embedded in paraffin, and 4 µm coronal sections were cut, corresponding to the coronal diagram and orientations on the CT images. Slides were stained with haematoxylin and eosin (H&E) stain, to assess morphological alterations in lung tissue. Large nonalveolar structures such as blood vessels were removed from the image and the mean air space, chord length (*Lm*), was calculated for each section under light microscopy [@pone.0045960-Mitzner1]. Each section produced five non-overlapping fields, and 10 sections were analyzed for each animal, resulting in 50 non-overlapping fields [@pone.0045960-Hind1]. The observer manually drew a region of interest (ROI) on each slice that included the lung tissues without the blood vessel regions.

Statistical Analysis {#s2d}
--------------------

All statistical data are presented as mean ± standard deviation. Statistical analyses were performed using Prism5 (Prism, Version 5, USA) and were focused on the differences in HU parameters between the normal and radiation-exposed groups. Kruskal-Wallis test followed by Dunn\'s multiple comparison test was used to determine the significant differences in mean *Peak~HU~*, *Number~-1000~*, *Lm* and lung volume, among the treatment groups. Differences were considered significant if *P*\<0.05. Correlation analyses were also conducted to determine correlations between micro-CT (*Peak~HU~* and *Number~-1000~*) and histological (air space, *Lm*) data.

Results {#s3}
=======

Animal Condition {#s3a}
----------------

The mean body weight of the mice one day after radiation-exposure (X1) was 25.6±0.9 g, similar to the mean body weight of the normal mice (25.4±1.3 g). No significant difference was observed between the control and X1 groups. In contrast, the body weights of the irradiated mice four days after exposure (X4) were 22.6±1.9 g. The body weights in the X4 mice were significantly decreased compared to those for the normal control mice (p\<0.001).

The lung volume of the mice one day after radiation-exposure (X1) was 577±63 mm^3^, which was similar to the lung volume of the normal mice (582±52 mm^3^). The lung volume of the irradiated mice four days after exposure (X4) was 552±51 mm^3^. No significant difference was observed between the three groups.

Micro-CT {#s3b}
--------

[Figure 1](#pone-0045960-g001){ref-type="fig"} shows images of representative micro-CT slices, in three-dimensional reconstructions, obtained from entire micro-CT data sets at three time points. Micro-CT images of normal mice lung are shown in [Figure 1A and 1B](#pone-0045960-g001){ref-type="fig"}, and of X1 and X4 mice in [Figure 1C, 1D, 1E and 1F](#pone-0045960-g001){ref-type="fig"}. Three-dimensional micro-CT slices show areas of density between −200 to −500 HU in green at different points ([Figure 1](#pone-0045960-g001){ref-type="fig"}). Horizontal micro-CT slices are shown in [Figure 1A, 1C and 1E](#pone-0045960-g001){ref-type="fig"}, while transaxial micro-CT slices are shown at different points ([Figure 1B, 1D and 1F](#pone-0045960-g001){ref-type="fig"}), and then the areas of density below −500 HU are blue ([Figure 1](#pone-0045960-g001){ref-type="fig"}).

![Micro-CT images.\
Typical images of micro-CT in normal (A and B) and radiation-induced lung injury mice (C, D, E and F). Top panel: micro-CT images of normal mouse lung (A and B). Middle panel: micro-CT images of radiation-induced mouse lung injury at 1 day after x-ray exposure (C and D). Bottom panel: micro-CT images of radiation-induced mouse lung injury at 4 days after X-ray exposure (E and F). (A, C and E) transaxial slice orientation. (B, D and F) horizontal slice orientation. Areas of density between −200 to −500 HU on three-dimensional micro-CT slices were shown in green. Areas of density below −500 HU on three-dimensional micro-CT slices are shown in blue.](pone.0045960.g001){#pone-0045960-g001}

[Figure 2](#pone-0045960-g002){ref-type="fig"} shows representative histograms of lungs from each group. Histograms were automatically calculated from the micro-CT images using 3D imaging software. Radiation-induced lung injury was observed as a shift in *Peak~HU~* and an increase in *Number~-1000~*. As can be seen from the early phase experiment ([Figure 2B and 2C](#pone-0045960-g002){ref-type="fig"}), the *Peak~HU~* values of radiation-treated X1 (−501.0±24.8 HU) were lower than the mean *Peak~HU~* of control animals (−456.4±8.9 HU). Especially, the *Peak~HU~* values of X4 animals (−615.4±10.9 HU, p\<0.01) were significantly lower than the mean *Peak~HU~* of control animals. The *Number~-1000~* values at X1 (7303.8±245.8 pixels) following radiation exposure were greater than the *Number~-1000~* of normal mice lungs (5303.0±463.8 pixels). Moreover, the *Number~-1000~* values at X4 (8255.6±307.7 pixels, p\<0.01) following radiation exposure were significantly greater than that of normal mice lungs.

![HU analysis.\
(A)Typical histograms of micro-CT in normal, (B) Radiation-induced mice lung injury at 1 day (X1), and (C) Radiation-induced mice lung injury at 4 days, after x-ray exposure (X4). Areas of high density (between −200 to −500 HU) in three-dimensional Micro-CT slices are shown in green, and areas of low density (below −500 HU) are shown in blue.](pone.0045960.g002){#pone-0045960-g002}

Histology {#s3c}
---------

H&E staining of coronal lung sections showed visible destruction of lung tissue in some mice at one and four days following irradiation, but the severity of lung damage varied between mice ([Figure 3B and 3C](#pone-0045960-g003){ref-type="fig"}). Enlargement of the air space (*Lm*) in radiation-injured lungs occurred at day 1 (40.5±3.8 µm) and showed a significant increase even at day 4 (60.0±6.9 µm, p\<0.001) after x-ray exposure. In comparison, normal mice had a mean lung air space of 26.5±3.1 µm ([Figure 3D](#pone-0045960-g003){ref-type="fig"}).

![H & E stained histological sections of mouse lungs.\
Representative images of H & E stained sections of (A) normal; (B) X1, 1 day after radiation exposure; (C) X4, 4 days after radiation lungs. Scale bars represent 100 µm. (D) Comparison of mean air space (Lm values) between groups. The mean air spaces (Lm) in irradiated lungs, one and four days following irradiation, were greater than in control lungs. A significant increase was also observed between lungs four days following x-ray exposure (\*; P\<0.001).](pone.0045960.g003){#pone-0045960-g003}

Correlation between Micro-CT and Histological Data {#s3d}
--------------------------------------------------

Statistical correlations between micro-CT HU data, *Peak~HU~* and *Number~-1000~*, and histological data (*Lm*) were evaluated. A significant negative correlation was observed between *Peak~HU~* and *Lm* (r = −0.88, P\<0.0001, [Figure 4A](#pone-0045960-g004){ref-type="fig"}) and a positive correlation was existed between *Number~-1000~* and *Lm* (r = 0.89, P\<0.0001, [Figure 4B](#pone-0045960-g004){ref-type="fig"}).

![Correlation between micro-CT and histopathological data.\
(A) Correlation between *Peak~HU~* (position of the peak between −200 to −800 HU) and LM (air space, determined from H & E stained coronal lung sections); (B) Correlation between the number of pixels at −1000 HU (*Number~-1000~*) and Lm. Results of correlation analyses (r and *P* values) are shown.](pone.0045960.g004){#pone-0045960-g004}

Discussion {#s4}
==========

Histological analysis is the most common technique used to quantify the extent of lung injury in rodent models [@pone.0045960-Parameswaran1]. However, correlation between micro-CT images and histological changes has been shown in emphysema mice [@pone.0045960-Artaechevarria1], [@pone.0045960-Postnov1], [@pone.0045960-Ford1], [@pone.0045960-Froese1]. The present study shows that micro-CT can also be used for the detection and quantitative analysis of early (one and four days after x-ray exposure) structural and histopathological changes associated with radiation-induced lung injury. HU analysis of three-dimensional micro-CT images showed that two HU parameters, *Peak~HU~* and the *Number~-1000~* ~,~ were highly correlated with air space enlargement (*Lm*) in radiation-exposed mice. The present study shows that micro-CT imaging of radiation-induced pulmonary injury is not only able to provide reliable quantification of air space enlargement ([Figure 3B and 3C](#pone-0045960-g003){ref-type="fig"}) but also has several advantages over the conventional, histological methods.

Radiation injury of the lung is classified into early and late phase [@pone.0045960-Nicholas1]. The early phase injury consists of cellular infiltration that is predominantly composed of macrophages and appears as ground-glass opacities in radiological experiments [@pone.0045960-Park1], [@pone.0045960-Choi1]. Radiation pneumonitis is most prominent at 3--4 months after radiotherapy. The late phase lung injury radiation fibrosis is marked by collagen deposition and fibrosis and appears as volume loss, consolidation, and traction bronchiectasis in radiological experiments, [@pone.0045960-Park1], [@pone.0045960-Choi1], [@pone.0045960-Kimura1] Consistent with the classical phases of radiation-induced lung injury, we did not observe volume loss and consolidation in our radiation-induced pulmonary injury model mice ([Figure 3](#pone-0045960-g003){ref-type="fig"}). However, we did observe a very early (at one and four days) response of the lung to radiation exposure ([Figure 1E and 1F](#pone-0045960-g001){ref-type="fig"}) detectable as HU alterations on three-dimensional CT images.

The late effect of radiation on the lungs can be usually divided into two syndromes, radiation pneumonitis, which develops within 6 months after X - rays exposure below 10 Gy and radiation fibrosis which is a delayed or late reaction that develops from about 6 months to years after 10--15 Gy exposure [@pone.0045960-Coggle1]. The previous studies have revealed that the time course of deaths in mice following thoracic irradiation is considerably prolonged [@pone.0045960-Steel1]. The irradiated dose that resulted in 50% mortality was around 15 Gy, similar to the value found by Phillips et al. [@pone.0045960-Phillips1] and Field et al. [@pone.0045960-Field1]. We can observe very early response to radiation over 15 Gy (20 Gy) using micro-CT study. Maisin [@pone.0045960-Maisin1] reported the use of electron microscopy for the evaluation of lung damage very early post-irradiation. After a dose of 20 Gy to the rat lung, he observed focal lesions involving changes in cell ultrastructure within 3 hours of x-ray irradiation. These alterations continued, and by 6 hours, cellular ultrastructure was markedly altered. Adamson et al. described similar endothelial changes in rat lung within 2 days of 11 Gy and 5 days of 6.5 Gy [@pone.0045960-Adamson1]. Moreover, it has been reported that the initial site of damage was the capillaries and their endothelium one-side of lung irradiation with x-rays [@pone.0045960-Moosavi1]. These alterations were minimal in the 2--8 Gy group, but most significant within the highest dose one (24--32 Gy). At very high doses (over 10 Gy), radiation can cause cessation of metabolism and cellular disintegration, a type of cell death known as interphase death. However, much lower doses (2--3 Gy) will inhibit cell division. Moreover, the high-dose effect is due to direct radiation induced cell-death, while low dose response may imply the intervention of additional mechanisms such as early local inflammation. A Hounsfield Unit assessment was performed on three-dimensional micro-CT reconstructions and this data used to construct histograms of the lung tissue density. The response to radiation was observed as a shift in the *Peak~HU~* and increase in *Number-~1000~* ([Figure 2](#pone-0045960-g002){ref-type="fig"}). Based on our histological results, it appears as though radiation exposure causes a severe alveolar wall breakdown one and four days after x-ray irradiation ([Figures 3B and 3C](#pone-0045960-g003){ref-type="fig"}). Enlargement of the air spaces (*Lm*) in radiation injury lung was significant at day 1, and increase further at day 4, after x-ray exposure. These results contrast with the findings of Downing et al. [@pone.0045960-Downing1] who, albeit at lower radiation doses, showed increases in septal thickness at 24 hours. Previous reports indicate that various inflammatory mediators or cytokines released from injured alveolar cells produce inflammation in the same time frame [@pone.0045960-Rubin1], [@pone.0045960-Ibuki1], [@pone.0045960-Chen1]. Furthermore, the alveolar space is filled with exudates resulting from direct radiation injury and inflammatory processes. This suggests that the enlarged alveolar space, caused by filling with exudates and expansion, was responsible for the HU (*Number~-1000~*) increase in radiation-exposed lungs. However, we observed a very early response of the lung to radiation exposure, as HU (*Peak~HU~)* decreases on micro-CT images. While the relevance of this very early and transient phase remains controversial and may be a function of different mouse strains [@pone.0045960-Jackson1], our results demonstrate that three-dimensional micro-CT has the potential to detect and quantify very early responses of the whole lung to radiation injury and offers several advantages over the conventional methods.

First, noninvasive CT scanning does not require euthanasia and can be performed as needed at several time points using the same animals. Also, the radiation dose of typical micro-CT scans used for mouse lungs is below 10 to 30 mGy [@pone.0045960-Chen1], [@pone.0045960-Kameoka1], [@pone.0045960-Figueroa1], [@pone.0045960-Rodt1], over 50 times less than the values capable of inducing significant lung damage [@pone.0045960-Coggle1]. Therefore, it can thus be repeated in individual animals, i.e., micro-CT enables longitudinal studies. Here we show that micro-CT can be used to quantify early phase changes associated with radiation-induced lung injury and previous research demonstrated its value in later stages [@pone.0045960-Jackson1], [@pone.0045960-Jackson2]. Therefore, micro-CT offers the opportunity to visualize dynamic disease progression.

Moreover, three-dimensional information can be quickly obtained from micro-CT using simple image analysis tools. The retrospectively respiratory-gated micro-CT imaging technique can provide three-dimensional images from a single 34-second scan. The data can be then reconstructed in 1 minute and further analyzed for three-dimensional assessment using animal imaging software in another few minutes. Conventional research into lung disease using animal models relies on mean chord length measurements taken from random areas of the lung and then averaged [@pone.0045960-Mitzner1], [@pone.0045960-Parameswaran1]. This analysis is usually performed on a single or few sections of lung, thereby missing potential patchy areas of air space enlargement. Similar limitations may apply to two-dimensional CT imaging. In contrast, three-dimensional micro-CT images can provide information on the spatial distribution and heterogeneity of the lung injury. These attributes of micro-CT not only allow the investigator to account for inter-individual variability but also reduce the number of animals required for a study.

While this study is the first to demonstrate the use of micro-CT for the detection and study of early phase radiation-induced lung injury in mice, it was not without limitations. A major limitation is that this study covers only the first few days following irradiation of the lung, and it has yet to be established how these changes actually relate to lung injury that develops a few months later. Also, there was a considerable change in the extent of injury between one and four days after irradiation. An analysis of the biological events taking place during this time would have yielded extra information on each technique, and provided a better understanding of disease progression. However, we chose to investigate lung injury at these time points in order to assess the sensitivity of micro-CT. In this study, the evaluation of radiation lung injury can be seen as a shift in the *Peak~HU~* and an increase in the *Number~-1000~*. These values are similar to other thresholds (around −600 HU) previously used by other investigators for assessment of emphysema model mice [@pone.0045960-Postnov1], [@pone.0045960-Froese1]. The measurement of Hounsfield Units by the use of micro-CT was not consistent, with some pixels values being under −1000 ([Fig. 2](#pone-0045960-g002){ref-type="fig"}). Further studies, including comparisons of micro-CT with macro- and microscopic changes in morphometry, are warranted to establish the most appropriate cut-off value and correction the precise HU values for estimating the extent of lung injury.

In conclusion, both micro-CT and histomorphometry give reliable measurements of air space enlargement, associated with early (one and four days after irradiation) phase radiation-induced lung injury in mice. Micro-CT offers advantages, by enabling longitudinal studies and providing a three-dimensional analysis of the entire lung, thus reducing the required number of animals required for studies and providing more relevant information on the progression of lung disease.
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